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and 0.75 and with a composition of 40 mol% Fe2O3 and 60 mol% P2O5, with 4% and 17% Fe
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were generated usingmolecular dynamics and the threshold displacement energies calculated. In the minimum
energy structures, we found that in nearly all cases the P atomswere 4-fold coordinated. The potential energy per
atom increasedwith increasing concentration of Fe2+ ionswith similar Fe/P ratio, suggesting that decreasing the
Fe2+ content is a stabilising factor. The average bond distances between Fe2+–O, Fe3+–O, P–O andO–Owere cal-
culated as 2.12, 1.88, 1.5 and 2.5 Å respectively. The threshold displacement energy (Ed) was found to be depen-
dent upon the ion specie, less for Fe2+ ions compared to Fe3+ ions, and was overall slightly lower than that
determined for borosilicate glass.
© 201 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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5        1. Introduction
Phosphate glasses, due to their favourable properties such as: reason-
ably low liquid and glass transition temperatures, low viscosity, high
thermal expansion coefficient, high electrical conductivity and high
ultraviolet transmission, find application in a wide range of fields. For
example, phosphate glasses are used in lasers [1], solid electrolytes [2],
bio-medical devices [3] and nuclear waste immobilisation [4]. A good
review up to the year 2000 is given in [5]. According to the literature
[6], in spite of the good glass forming characteristics of phosphate
glasses, their relatively poor chemical durability limits their application,
especially in the field of nuclear waste immobilisation. However, a new
group of phosphate glasses, iron phosphate glass, is being considered
as a promising matrix for the immobilisation of high-level waste rich in
alkali oxides, sulphates and chrome oxides [7–10]. Iron phosphate glass
and its waste form containing simulated fast reactor waste were synthe-
sised, characterised and reported by us earlier [11,12]. Higher waste
loading, better chemical durability and better corrosion resistance [13,
14] are certain promising features of iron phosphate glass compared to
other phosphate glasses. Among the various compositions of iron phos-
phate glass, the one with 40 mol% Fe2O3–60 mol% P2O5 (referred as IPG
in the present paper) is found to be more chemically durable [15–17].
It also has the ability to accommodate large amounts of certain nuclearMaterials Chemistry Division,
esearch, Kalpakkam 603 102,
. This is an open access article underwastes, especially those that are not well suited for borosilicate glasses
[16]. The better chemical durability of iron phosphate glass is attributed
to the presence of more hydration resistant Fe–O–P bonds compared to
P–O–P bonds available in other phosphate glasses [16]. The synthesis,
characterisation and experimental determination to elucidate the struc-
ture of a wide variety of iron phosphate glasses are available in the liter-
ature [7,17–20]. However, the available literature on the structural
modelling of iron phosphate glasses is limited [21,22]. This is because,
the structure of iron phosphate glasses, not only depends on composi-
tion, quenching temperature of the melt and quenching technique [23],
it depends also on the concentration of Fe2+ and Fe3+ ions in the glass.
The iron phosphate glass with the composition 40 mol% Fe2O3–
60 mol% P2O5, has been reported by various researchers to have differ-
ent ratios of Fe2+/Fe [7,12,24,25]. The concentration of Fe2+/Fe in
glass with the same atomic composition varies from 4 to 20%, while
the density varies between 2.9 and 3.0 g cm−3 with the uncertainty in
density ranging from±0.005 to 0.02 g cm−3 [7,24]. The concentrations
of Fe2+/Fe and density of IPG reported by us [12] were 4% and
2.9 g cm−3 respectively. The promising composition of 40 mol%
Fe2O3–60 mol% P2O5 (IPG) is found with the varying density depending
on the concentration of Fe2+ in the glass. It is evident from the literature
[7,24,25] that as the concentration of Fe2+ in IPG increases, the density
also increases for the same atomic composition. It has been shown exper-
imentally by Mössbauer spectroscopy [24], that as the melting tempera-
ture of IPG increased from 1423 to 1673 K, the density of the glass
increased along with the increase in concentration of Fe2+. Thus, it be-
comes essential to model the structure of iron phosphate glasses specific
to the composition and Fe2+/Fe ratio.the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Three-body potential terms used in the present study.
Parameter O–P–O P–O–P
λi (eV) 5.3516 8.2997
γij = γik (Å) 0.5 0.5
θ0 109.47° 135.5°
rc (Å) 2.5 2.5
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handle computationally than crystalline lattices since many different
atomic configurations are possible. Therefore averaging over many dif-
ferent structures is very important. It is also essential to have good
inter-atomic potentials that describe the amorphous systems. A recent
paper [21] reported one of the first studies of iron phosphate glasses
using fixed charge potentials.
Other authors have also developed potentials of a form that could be
used tomodel phosphate glasses. However potentials that involve shell
models such as that by Ainsworth et al. [26] are not really suitable for ra-
diation cascade studies and a previous potential formulation by Pedone
et al. [27], which also included the capability to model Fe–P–O systems
had not been explicitly tested on these glasses. Since a key aim of our re-
search programme is to investigate radiation effects in phosphate
glasses, the potential developed in [21] was chosen as the underlying
model for the work.
Thus we modify the potential in [21] so that it is suitable for radia-
tion studies, compare the results with the previous work, and then
test other compositional structures with various Fe/P ratio and Fe2+/
Fe ratios that we have produced experimentally. Furthermore, we de-
termine the threshold displacement energies as the first step towards
the investigation of collision cascades in these systems.
2. Methodology
Molecular dynamics simulation studies were carried out to model
the structure of iron phosphate glasses. The code (LBOMD) has been
used over many years for radiation damage studies, see e.g. [28] for
work involving radiation damage in spinels. The two body interactions,
i.e. Fe–O, P–O and O–Oweremodelled using a Buckingham rigid ion po-
tential (Eq. (1)), together with a Coulomb term tomodel the long-range
interactions between ionic charges.
V ri j
 
¼ qiqj
4πε0ri j
þ Ai j exp
−ri j
ρi j
" #
−
Ci j
r6i j
: ð1Þ
The subscripts, i and j, refer to each ion; qi and qj are the ion charges,
rij is the inter-ionic distance and ε0 is the permittivity of free space. The
parameters: Aij, ρij and Cij for each ionic bond are given in reference [21].
In addition to the two-body terms, three body terms were also used
to control the local bond angles. This three-body potential is especiallyTable 2
The splining parameters for joining the Buckingham+ Coulomb potential to the ZBL potential.
ZBL potential at x= a and to the Buckingham+Coulomb at x=b so that the function and its fi
were offsets of 13 and 50 eV respectively added to the potential (and later subtracted) to mak
Interaction a (Å) b (Å) f0 f1
Fe2+–Fe2+ 1.1 1.9 38.456891 −115.889467
Fe2+–Fe3+ 0.9 1.9 11.672255 −14.893823
Fe2+–O 0.2 0.85 11.274280 −21.233242
Fe2+–P 0.7 1.45 13.486801 −28.411131
Fe3+–Fe3+ 0.9 1.9 3.289491 20.674793
Fe3+–O 0.5 1.25 13.468756 −36.254018
Fe3+–P 0.4 1.45 11.230029 −14.585045
O_–O 0.35 1.8 9.273627 −11.588100
O_–P 0.25 1.03 11.166080 −26.912807
P_–P 0.24 1.26 11.028636 −16.858035very important for P–O bonds due to their ionic–covalent nature similar
to that of Si–O bonds found in silicate glasses [29].
The original authors [21] used a harmonic three-body potential,
V(θijk) = 1/2 k(θijk− θ0)2, where k = 3.5 eV and θ0 = 109.47° for O–
P–O, and k = 3.0 eV and θ0 = 135.5° for P–O–P. This function presents
some computational difficulties for radiation damage studies, as it re-
quires the computation of the derivative of arccos(θ) to obtain the
forces. This derivative is infinite when θ= 180°. Furthermore, there is
no smooth cut-off to zero as the atomic separation increases.
Among the various analytical forms of three-bodypotentials listed in
the literature [30–32], the three-body Stillinger–Weber potential [31]
(Eq. (2)) was chosen instead to model the three body terms. This is
more suitable to use in radiation damage simulations and the construc-
tion of a potential that can be used in such simulations is also a key aim
of the work.
ϕ3 ri j; rik; θ jik
 
¼ λ exp γ
ri j−rc
þ γ
rik−rc
 !
cos θ jik– cos θ0
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For an atom triplet (j–i–k), rij and rik, are the two internal atomic
separations, and θjik, is the bond angle at the central atom ‘i’. θ0 repre-
sents the angle towards which the angle θjik is constrained and rc is
the cut-off radius beyond which the three-body terms do not apply. λ,
γ and θ0 are adjustable parameters.
The Stillinger–Weber potential was chosen because the cos(θ) term
is obtainable directly from the atomic separations via the dot product
(also, the derivatives are a function of cos(θ)). The Stillinger–Weber po-
tential has continuous derivatives and a built-in smooth cut-off to zero
at r = rc. We fit the Stillinger–Weber potential to the original authors'
function by computing the parameter λ. We do this by computing the
Taylor series expansion of Eq. (2) at θ = θ0 to the second order. For
this calculation we set γ=0.5 eV and rij = rik = 1.5 Å (the equilibrium
bond length).
For both triplets (P–O–P and O–P–O), we set this equal to the origi-
nal authors' function and rearrange to find λ. These parameter values
(λ, γ and θ0) for both triplets are summarised in Table 1.
For radiation damage studies, the two-body potential cannot model
the repulsion between nuclei when the inter-particle separation is
small. A screened Coulomb potential is normally used tomodel such in-
teractions and the ZBL model [33] is the commonly used model when
the separation is small. As a result we have joined the two-body poten-
tial given in Eq. (1) to the ZBL potential using a splining function. The
details and parameters for the splining function are given in Table 2.
Each of the glass structures was prepared by distributing the re-
quired number of atoms of each species randomly within a cubic box.
We then use a simple temperature-rescaling algorithm [34] to quench
the system. This works by measuring the temperature at each time-
step. If the temperature exceeds the desired value by 7%, then, the veloc-
ities of all the atoms are rescaled, such that, the temperature is the de-
sired value. We quench the system from 6000 K to 10 K at a rate ofThe splining function is of the form exp(f0 + f1x+ f2x2 + f3x3+ f4x4 + f5x5) joined to the
rst 2 derivatives are continuous. The units of fi are Å−i. In the case of Fe3+–O and O–P, there
e the potential positive at x = b.
f2 f3 f4 f5
166.591541 −122.352450 44.173231 −6.208431
17.600151 −15.321189 6.858104 −1.147068
44.802056 −69.570862 60.519843 −21.948215
49.982100 −53.364231 28.581882 −5.844285
−40.640856 30.334182 −10.171431 1.285723
82.390627 −109.951757 74.401925 −20.216820
17.056385 −15.965608 8.848866 −1.935188
8.398709 −2.456703 −0.030643 0.093801
75.616106 −136.453869 116.256770 −36.456113
23.118958 −21.054756 11.153372 −2.472515
Fig. 1. Plot of potential energy as a function of density for various glass compositions; the
solid line is to guide the eye.
Table 4
The composition of each atom (in atomic %) of iron phosphate glasses at the optimum
density for the systems containing the larger number of atoms.
Glass system ρ (g cm−3) CN Fe2+ at.% Fe3+ at.% P at.% O at.%
Fe3(P2O7)2 3.2 1 – – – 3.17
2 – – – 53.49
3 – – – 9.68
4 2.78 4.84 19.05 0.32
5 1.83 4.21 – –
6 0.16 0.48 – –
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volume molecular dynamics. The total simulation time required was
1.2 ns. Finally, the structureswereminimised to 0 K using the conjugate
gradient method. This cooling rate is slower than that given in [21] by a
factor of 2. Thiswas found to be necessary to generate the lowest energy
structures.
Molecular dynamics computation was carried out on these iron
phosphate glasses contained in a cubic boxwith a small (~150) number
of atoms with a varying Fe/P atomic ratio. The total number of atoms
varied depending on the Fe/P atomic ratio. The potential energy of
iron phosphate glasses with a varying Fe/P atomic ratio was analysed
as a function of density to obtain the structure with the lowest potential
energy, and hence the optimal density for each case.We then computed
quenched structures for each system with a larger number of atoms
(1100–1550) at the optimal density. Having determined the optimised
structure of IPG, the mechanical properties (bulk modulus, shear mod-
ulus and Young's modulus) were calculated using GULP [30] and com-
pared with that of experimental values available in the literature for
IPG with a composition of 40 mol% Fe2O3–60 mol% P2O5.
The threshold displacement energies of each species: iron (Fe2+ and
Fe3+), phosphorous and oxygen were computed. Since only iron ions
exist in ferrous and ferric states, the oxidation state is specified as
Fe2+ and Fe3+ and the ionic nature of ions (P5+ and O2−) with single
oxidation state are not specified throughout the paper. We consider
each atomic species, oxidation state and local coordination separately
for the calculation of threshold energies.
To find the threshold energies for each case, firstly, using the
quenched lattices, a list of candidate atoms to test is generated. We
then randomly select a target atom from this list and pick a random di-
rection. To find the threshold energy,we begin by performing a trial cas-
cade by injecting 100 eV of kinetic energy into the target atom. After
2 ps of MD simulation time we compare the initial and final lattices. If
the target atom has been displaced, we know that the threshold energy
is lower than 100 eV, otherwise, it must be higher.We then perform ad-
ditional cascades to zero-in on the threshold energy using the binary
search algorithm. The cut-off tolerance used was 0.5 eV, meaning that
the results obtained are within 0.5 eV of the actual threshold energy.
We then select a new random target atom from our list, and then pick
a new random direction; we then find the threshold energy using the
method above. We repeat this process at least 900 times to obtain
good statistics.
3. Results and discussion
The details of the composition of the smaller systems of iron phos-
phate glass, Fe/P atomic ratio and the number of atoms quenched are
given in Table 3. Fig. 1 shows the average potential energy obtained as
a function of glass density for systems Fe3(P2O7)2, Fe(PO3)3 and
Fe4(P2O7)3. The composition of 40 mol% Fe2O3–60 mol% P2O5 is the
same as that of the Fe4(P2O7)3 glass and can also be referred as IPG.
However, Fe4(P2O7)3 does not have any Fe2+ ions in the glass. For the
small systems, the lowest energy was obtained with densities of 3.04
and 3.2 g cm−3 for Fe4(P2O7)3 and Fe3(P2O7)2 glasses respectively. The
lowest energy structure of Fe3(P2O7)2 glass (containing both Fe2+ and
Fe3+ ions) had a higher density compared to the other systemsTable 3
The composition (in atomic %), of each atomic species, in the three small system glass
structures studied.
Glass
system
Composition (at.%) Fe/P atomic
ratio
Number of
atoms
Fe2+ Fe3+ P O
Fe3(P2O7)2 4.762 9.524 19.048 66.667 0.75 126
Fe(PO3)3 – 7.692 23.077 69.231 0.33 130
Fe4(P2O7)3 – 12.903 19.355 67.742 0.67 155containing only Fe3+ ions. Larger systems of Fe3(P2O7)2 and Fe4(P2O7)3
were generated with the density that showed the lowest energy in the
smaller atom systems. The computation was done a minimum of three
times for each large system at the fixed density. Whenever the difference
in energy between the structures was small (b1%), the structure with the
lowest potential energy was chosen for further analysis based on certain
logical guidelines.
The logical guidelines used to choose the best structure when the
difference in potential energy was small are given below:
1. The coordination of P should be 4 for amaximumnumber of P ions in
the glass.
2. The coordination of Fe2+ and Fe3+ varies between4 and 6. The struc-
tures that contain iron ions with a coordination number of 3 are less
stable.
3. The coordination number of oxygen varies between 1 and 3. The
more stable structures have the maximum number of oxygen ions
with coordination number 2.
For Fe(PO3)3 glass (130 atoms), the difference in potential energy
between the structures with densities of 2.9 and 3.04 g cm−3 was
very small, i.e., 3.5 × 10−3%. Thus larger systems were modelled using
both the densities (2.9 and 3.04 g cm−3) for Fe(PO3)3 glass (1300
atoms). For Fe(PO3)3 glass (1300 atoms), based on the guidelines
above, the structure with a density of 3.04 g cm−3 was chosen forFe4(P2O7)3 3.04 1 – – – 4.06
2 – – – 60.06
3 – – – 3.61
4 – 7.35 19.35 –
5 – 5.10 – –
6 – 0.45 – –
Fe(PO3)3 3.04 1 – – – 11.08
2 – – – 57.23
3 – – – 0.92
4 – 2.92 22.92 –
5 – 4.46 0.15 –
6 – 0.31 – –
CN: coordination number.
Fig. 2. Snapshot of a segment of theMD simulated Fe3(P2O7)2 glass structure showing (a) tetrahedral coordination of P5+, (b) Fe2+with 5 coordination and (c) Fe3+with six coordination:
the other bonds are not connected for a better viewing purpose; red: O2−; cyan: Fe3+; green: Fe2+ and magenta: P5+.
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and O) for the large equilibrated structures of Fe3(P2O7)2, Fe4(P2O7)3
and Fe(PO3)3, are presented in Table 4. Table 4 shows that all the phos-
phorous ions have 4-fold coordination in Fe3(P2O7)2 and Fe4(P2O7)3
glass. However, two five-fold coordinated phosphorous ions were ob-
served in the Fe(PO3)3 glass. This is significantly lower than the 1.9%
that has been reported previously [21].
Fe2+ is present only in Fe3(P2O7)2 glass and it is found with coordi-
nation numbers 4 to 6. Generally, the Fe3+ ion is foundwith 4 to 6 coor-
dination in Fe3(P2O7)2, Fe4(P2O7)3 and Fe(PO3)3 glasses. The oxygen ion
coordination was found to vary between 1 and 3 in Fe3(P2O7)2,
Fe4(P2O7)3 and Fe(PO3)3 glasses. Fe3(P2O7)2 glass also showed 0.5% of
four coordinated oxygen ions. The snapshots, shown in Fig. 2, show
the coordination of ions within the Fe3(P2O7)2 glass structure.
In addition to these three iron phosphate glasses of varying Fe/P
atomic ratio, it is useful tomodel the structure of the chemically durable
iron phosphate glass with a composition of 40 mol% Fe2O3–60 mol%
P2O5 (IPG) [15]. Before describing the results of the simulations, it is use-
ful to understand the experimental observations on crystallisation of
iron phosphate glasses. Iron phosphate glass crystallises to FePO4,
Fe3(P2O7)2, Fe(PO3)3, Fe(PO3)2, Fe7(PO4)6, and Fe2P2O7 depending on
the composition, atmosphere of crystallisation and ratio of Fe2+/Fe
[24,25,35–39]. It was reported by us [40] that, on heating, IPG contain-
ing 4% Fe2+, crystallises to a mixture of Fe3(P2O7)2, Fe(PO3)3 and
Fe4(P2O7)3 under flowing argon atmosphere. C. S. Ray et al. [37] report-
ed a fraction of 17% of Fe2+ ions within the IPG glass with each phase
also of the form Fe3(P2O7)2, Fe(PO3)3 and Fe4(P2O7)3. Thus these are
the data that are presented in Table 5.
The structure of IPG was computed using the combination of atoms
of Fe, P andO to provide concentrations of (a) 4% Fe2+ and (b) 17% Fe2+.
The atomic percentage of each ion used for constructing the structure of
IPG involving 4% Fe2+ and 17% Fe2+, is also presented in Table 5. The
Fe/P atomic ratio of the final glass (Table 5), differs slightly from the
starting batch composition of Fe/P atomic ratio = 0.67 in both the cases.
However, it is well within the reported experimental uncertainty [37,
41]. Computationwas carried out to obtain structureswith the lowest po-
tential energy using densities 2.9 and 3.04 g cm−3 for IPG containing 4%
Fe2+ ions. These densities are chosen based on the experimental result
[11] and the value obtained from ref. [21]. For IPG containing 17% Fe2+,
the densities of 2.9, 2.95 and3.04 g cm−3were used to compute the struc-
ture of glass to obtain the glass with the lowest energy. A density of
2.95 g cm−3 was additionally used in IPG containing 17% Fe2+ ionsTable 5
Contribution of various phases in IPG and the atomic composition of the glass structures.
System (IPG) Contribution (%)
Fe3(P2O7)2 Fe(PO3)3 Fe4(P2O7)3
4% Fe2+ 14 12 74
17% Fe2+ 54 10 36since the experimental density reported by C. S. Ray et al. [37] was
2.95 g cm−3.
As explained earlier, the lowest energy structure of IPGs containing
4% Fe2+ and 17% Fe2+ was computed using similar MD methods. The
potential energy obtained for densities of 2.9 and 3.04 g cm−3 is pre-
sented in Table 6. The contribution of various ions and their coordina-
tion numbers is also given in Table 6 for both the densities (2.9 and
3.04 g cm−3). As per the guidelines, the structure with the lowest num-
ber of Fe2+ ionswith 3-fold coordination has a density of 2.9 g cm−3. In
the structure with a density of 3.04 g cm−3, there are a greater number
of 3-fold coordinated Fe2+ ions. This reduces the average coordination
number of Fe2+ below 4.0 and is therefore not considered for computa-
tion of the threshold displacement energy. Under a similar analogy, the
structure of IPG with 17% Fe2+ was the structure with a density of
2.95 g cm−3 and that the optimised structure was used for further
threshold energy displacement calculations. The details of potential en-
ergy, coordination number of various ions in IPGwith 17% Fe2+, are also
presented in Table 6. The computed density of the structures containing
4% and 17% Fe2+ is in good agreement with the reported experimental
values [11,37].
The IPG containing 4% Fe2+ showed Fe2+ and Fe3+ with coordina-
tion number 3, whereas, the IPG containing 17% Fe2+ showed no 3 co-
ordinated iron ions. However, the IPG containing 17% Fe2+ was found
to contain one five-fold coordinated phosphorous ion.
In order to compare the structures, the potential energy per atom
was determined and this is presented in Fig. 3. The potential energy
per atom increases linearly with the Fe/P ratio. This plot also clearly
shows that as the concentration of Fe2+ ions increases in the glass, the
potential energy per atom also increases.
In the experiment, the starting material contains only Fe3+ ions but
during the preparation process, some Fe2+ ions form. Ammonium di-
hydrogen phosphate is used as the source of phosphorous during the
preparation of the iron phosphate glass. Evolution of ammonia, a reduc-
ing agent, during the preparation of the iron phosphate glass (due to the
decomposition of ammonium di-hydrogen phosphate), reduces some
Fe3+ to Fe2+. However, the reducing effect can be minimised by a low
temperature pre-calcination, as indicated in ref. [40]. Hence the most
stable structurewould be expected to be the onewith the lowest concen-
tration of Fe2+ ions, that is the IPG containing 4% Fe2+ concentration.
Modelling studies on the structure of iron phosphate glasses are
given in refs. [21,22]. During the structural evolution of the IPG, Stoch
et al. reported [22] the formation of crystallised products in air asat.% Fe/P atomic ratio
Fe2+ Fe3+ P O
0.51 12.24 19.53 67.71 0.65
2.27 11.0 19.41 67.31 0.68
Table 6
The composition of each atom (in atomic %) of IPG containing 4% Fe2+ and 17% Fe2+ to-
gether with the computed potential energy of the IPG.
System (IPG) ρ
(g cm−3)
Potential
energy
(eV)
CN Fe2+
at.%
Fe3+
at.%
P
at.%
O
at.%
IPG with 4% Fe2+ 2.9 −27,689 1 – – – 4.37
2 – – – 59.91
3 0.07 0.07 – 3.42
4 0.36 6.85 19.53 –
5 0.07 5.25 – –
6 – 0.07 – –
IPG with 4% Fe2+ 3.04 −27,709 1 – – – 3.79
2 – – – 60.79
3 0.22 – – 3.06
4 0.15 6.85 19.53 0.07
5 0.15 5.03 – –
6 – 0.36 – –
IPG with 17% Fe2+ 2.9 −23,777 1 – – – 4.37
2 – – – 57.82
3 0.08 – – 5.13
4 1.51 6.97 19.41 –
5 0.67 4.03 – –
6 – – – –
IPG with 17% Fe2+ 2.95 −23,784 1 – – – 3.53
2 – – – 58.32
3 – – – 5.38
4 1.09 6.81 19.33 0.08
5 0.92 4.03 0.08 –
6 0.25 0.16 – –
IPG with 17% Fe2+ 3.04 −23,799 1 – – – 3.70
2 – – – 57.90
3 0.25 – – 5.63
4 1.26 6.05 19.41 0.08
5 0.76 4.45 – –
6 – 0.50 – –
CN: coordination number.
Fig. 4. Computed radial distribution functions of Fe3(P2O7)2 and IPG with 4% Fe2+. Similar
calculations for the Fe–Fe and Fe–P interactions showed no discernable structure.
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Fe2O3–60 mol% P2O5, (Fe/P atomic ratio of 0.67), the final crystallised
products contain Fe/P with an atomic ratio of 1, regardless of the contri-
bution of each phase (FePO4 and Fe2P2O7) in the glass. The Fe/P ratio in-
creases after crystallisation, indicating the loss of P and O. This can be
explained as follows:
40 mol% Fe2O3−60 mol% P2O5 ¼ Fe4P6O21 amorphousð Þ ð3ÞFig. 3.Plot of potential energyper atomas a function of Fe/P atomic ratio of the glasses: the
solid line is the linear fit with R2: 0.998 and standard deviation of 0.05.Fe4P6O21 amorphousð Þ→
crystallisation in air
2FePO4 þ Fe2P2O7 þ P2O5↑þ 1=2 O2↑:
ð4Þ
Eq. (4) also justifies the formation of Fe2+ ions (Fe2P2O7) from the
starting composition containing only Fe3+ ions with the loss of oxygen.
Thus some Fe2+ are to be expected despite the fact that themodel gives
a higher cohesive energy when the amount of Fe2+ is minimised.
The radial distribution functions of Fe3(P2O7)2 glass and IPG contain-
ing 4% Fe2+ concentration are shown in Fig. 4. The bond distance be-
tween Fe3+–O in all the five iron phosphate glasses did not vary
significantly. This agrees with the bond distance determined in [21].
As expected, the Fe2+–O distance was longer than that of Fe3+–O.
These values are in good agreement with the experimental values re-
ported in the literature [19,23,42–44] for iron phosphate glasses.
Table 7 presents details of the mean bond distance between Fe2+–O,
Fe3+–O and P–O in the iron phosphate glasses that we have modelled.
The calculated elastic properties (bulk modulus and shear modulus)
of IPG containing 4% and 17% concentrations of Fe2+ ions are presented
in Table 8. The values of these properties are obtained as the average of
the three methods employed in GULP [30]. Experimentally determined
bulk modulus and Young's modulus of IPG with a composition of
40 mol% Fe2O3–60 mol% P2O5 were 47 GPa and 70–72 GPa respectively
as reported in the literature [45,46]. The calculated properties are in
good agreement with the experimentally reported values.
The threshold displacement energy (Ed) of various glasses Fe3(P2O7)2
(1260 atoms), Fe4(P2O7)3 (1550 atoms) and Fe(PO3)3 (1300 atoms) was
computed. Ed was found to change with the coordination number and
species of the particular ion in Fe3(P2O7)2 glass. The effect of the coordina-
tion of Fe2+ ions on Ed is shown in Fig. 5. Aswould be expected, the values
of Ed are generally lower for the lower coordination numbers. This was
found to be true for other two systems (Fe4(P2O7)3 and Fe(PO3)3) also.
Ed also varied as a function of the coordination number and nature ofTable 7
Mean bond distance found in iron phosphate glasses.
Glasses Mean bond distance (Å)
Fe2+–O
(2.08–2.12)⁎
Fe3+–O
(1.89–1.91)⁎
P–O
(1.48–1.55)⁎
Fe3(P2O7)2 2.07 1.87 1.5
Fe4(P2O7)3 – 1.87 1.5
Fe(PO3)3 – 1.89 1.5
IPG with 4% Fe2+ 2.12 1.88 1.5
IPG with 17% Fe2+ 2.12 1.87 1.5
⁎ The values in parentheses are experimental values from refs. [19,35–38].
Table 8
Mechanical properties of IPG using GULP.
Glass Bulk modulus
(GPa)
Shear modulus
(GPa)
Young's modulus
(GPa)
IPG_4% Fe2+ 48 31 81
IPG_17% Fe2+ 44 31 71
142 K. Joseph et al. / Journal of Non-Crystalline Solids 411 (2015) 137–144the ion in IPG. Fig. 6 gives Ed for ions of fixed coordination in IPG contain-
ing both 4 and 17% concentrations of Fe2+ ion. It is clear from the plots
that Ed varies depending on the nature of the ion with the lowest values
for the Fe2+ ions. However, similar values of Ed were observed for IPG
containing both 4% and 17% concentrations of Fe2+ ions. This indicates
that Ed does not change with the concentration of Fe2+ ions in IPG but
as shown in Fig. 6, Fe2+ has a lower Ed than Fe3+.
Since phosphorous is 4-fold coordinated in all the iron phosphate
glasses, the values of Ed for phosphorous ions in all these glasses are
compared and shown in Fig. 7. It is apparent from the plot, that Ed re-
mains similar for phosphorous ions in all the iron phosphate glasses.
The peak values of Ed of the different ions as a function of their coordi-
nation number are presented in Table 9. Although a large number ofFig. 5. Effect of coordination of the Fe2+ ions on the threshold displacement energy of Fe3(P2O7
using the binomial distribution and a bin width of 4 eV.
Fig. 6. The threshold displacement energy of various ionswith coordination number (CN) in IPG
2 standard deviations using the binomial distribution and a bin width of 4 eV.calculations were performed to determine these values, there is a
wide statistical variation, and the values for a given species are very sim-
ilar for the different coordination numbers.
The values of Ed for the O ions given in Table 9 are very similar to
those calculated for the borosilicate glasses [34] but the thresholds for
P and Fe2+ are lower than those calculated for boron and silicon sug-
gesting that the phosphate glasses might not be as radiation resistant
as the borosilicate.4. Conclusion
The structures of iron phosphate glasses with varying Fe/P atomic
ratios were modelled as a function of density using the molecular dy-
namics simulation method. Furthermore,the structures of iron phos-
phate glass with a composition of 40 mol% Fe2O3–60 mol% P2O5 (IPG)
containing the concentrations of 4 and 17% Fe2+ ions, were also com-
puted and compared in order to understand the effect of Fe2+ concen-
tration. The potential energy per atom of all these glasses indicated
that the system energy increases with both increasing Fe/P atomic
ratio and Fe2+ concentration. The computed elastic properties of)2 glass; the solid line is a guide to the eye and the error bars refer to 2 standard deviations
containing 4% (circle) and 17% (triangle) concentration of Fe2+ ions. The error bars refer to
Fig. 7. Threshold displacement energies of phosphorous ions in the various iron phosphate glasses. The error bars refer to 2 standard deviations using the binomial distribution and a bin
width of 4 eV.
143K. Joseph et al. / Journal of Non-Crystalline Solids 411 (2015) 137–14440 mol% Fe2O3–60 mol% P2O5 glass were found to be similar to that of
the experimental values reported in the literature.
The threshold displacement energy varies with the nature and as
well as with the coordination of ions in these iron phosphate glasses.
However, similar threshold energies were obtained for IPG containing
4 and 17% Fe2+ ions. The threshold energy of phosphorous ions remains
the same for all the iron phosphate glasses. The results show that the
peak displacement energy threshold of the Fe2+ ions is lower than
that for Fe3+ and O ions. The cohesive energy of the glasses is also
reduced as the amount of Fe2+ increases. This suggests that for the pur-
poses of nuclear waste immobilisation, it would be preferable to pro-
duce the glasses with as low a Fe2+ content as possible. This is not theTable 9
Peak values of the threshold displacement energies, Ed, (eV) of various iron phosphate
glasses; CN is the coordination number.
Glass CN Threshold energy, Ed (eV)
Fe2+ Fe3+ P5+ O2−
Fe3(P2O7)2 1 – – – 26
2 – – – 29
3 – – – 28
4 18 33 22 –
5 20 37 – –
6 24 38 – –
Fe4(P2O7)3 1 – – – 26
2 – – – 27
3 – – – 27
4 – 33 22 –
5 – 36 – –
6 – 34 – –
Fe(PO3)3 1 – – – 26
2 – – – 32
3 – – – 30
4 – 40 22 –
5 – 40 – –
6 – 36 – –
IPG with 4% Fe2+ 1 – – – 24
2 – – – 26
3 15 23 – 25
4 22 32 22 –
5 23 34 – –
6 – 36 – –
IPG with 17% Fe2+ 1 – – – 25
2 – – – 26
3 – – – 24
4 19 31 22 –
5 19 34 – –
6 18 36 – –only consideration since the glassesmust also be suitable to incorporate
heavy atoms such as caesiumand the associated structure is also impor-
tant. However, the bond lengths and densities have been shown to vary
only slightly as a function of composition.
Future work will investigate the structural changes induced by colli-
sion cascades in the glasses. Itwas for this purpose that themodified po-
tential was developed since it provides a better description of the
collision dynamics than the simple Teter model developed only for
structural studies.
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